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1. INTRODUCTION {#acel12978-sec-0001}
===============

Alzheimer\'s disease (AD), the most common type of dementia, is a chronic and progressive neurodegenerative disease. Sporadic AD accounts for more than 95% of AD cases. Advancing age is the greatest risk factor for the development of sporadic AD (Guerreiro & Bras, [2015](#acel12978-bib-0011){ref-type="ref"}; Querfurth & LaFerla, [2010](#acel12978-bib-0027){ref-type="ref"}; Xia, Jiang, McDermott, & Han, [2018](#acel12978-bib-0036){ref-type="ref"}). The main pathologies of AD include abundant cerebral Aβ deposits, glia pathology, Tau pathology, neurodegeneration, and synapse loss. Among these features of AD, Aβ deposits occur very early and can lead to the downstream pathologies of AD (Selkoe & Hardy, [2016](#acel12978-bib-0031){ref-type="ref"}). However, abundant Aβ deposits also spontaneously develop in the brains of approximately 30% of healthy people with normal cognitive function during advancing aging (Rodrigue, Kennedy, & Park, [2009](#acel12978-bib-0028){ref-type="ref"}). The reason why not all people with Aβ deposits develop AD is an important unanswered question. Understanding the composition and pathological effects of Aβ deposits is the key to answering this question.

Aβ deposits are mainly comprised of monomers, oligomers, and fibrils. Convincing evidence strongly supports the amyloid cascade hypothesis (Selkoe & Hardy, [2016](#acel12978-bib-0031){ref-type="ref"}), which posits that Aβ oligomers in cerebral Aβ deposits are the main toxic molecules that trigger the subsequent downstream pathologies of AD, including glia pathology, Tau pathology, neurodegeneration, and synapse loss. In addition, Aβ oligomers are used as indicators to investigate the relationship between aging and the pathogenesis of AD, because Aβ oligomers participate in the aging process and the pathological transformation from aging to AD (Lesne et al., [2013](#acel12978-bib-0023){ref-type="ref"}). Due to the variety of Aβ oligomer lengths in Aβ deposits, including 2‐mer, 3‐mer, 5‐mer, 9‐mer, 10‐mer, 12‐mer oligomers, and others, the key Aβ oligomer that triggers the development of AD is controversial. Lesne et al. insist that 12‐mer Aβ oligomers, but not other oligomers, trigger AD pathologies (Amar et al., [2017](#acel12978-bib-0001){ref-type="ref"}; Lesne et al., [2006](#acel12978-bib-0022){ref-type="ref"}). In contrast, Shankar et al. argue that the Aβ dimer is the key molecule inducing Tau pathology, neurodegeneration, and synapse loss (Jin et al., [2011](#acel12978-bib-0016){ref-type="ref"}; Shankar et al., [2008](#acel12978-bib-0032){ref-type="ref"}). In these studies, Aβ oligomers were prepared in vitro from the brains of AD mice or patients and injected into rodents or used to treat cells, and the subsequent effects were analyzed. The limitations of these studies, which may have led to the discrepant results, include the following. First, Aβ oligomers readily self‐aggregate in vitro (Finder & Glockshuber, [2007](#acel12978-bib-0008){ref-type="ref"}; Hayden & Teplow, [2013](#acel12978-bib-0012){ref-type="ref"}), resulting in different responses in rodents and cells. Second, the high complexity of the Aβ oligomer extraction process leads to the presence of several artificial factors (Amar et al., [2017](#acel12978-bib-0001){ref-type="ref"}; Hayden & Teplow, [2013](#acel12978-bib-0012){ref-type="ref"}; Jin et al., [2011](#acel12978-bib-0016){ref-type="ref"}) that readily affect responses in rodents and cells. Third, Aβ oligomers extracted from the brains of AD mice or patients are exogenous stimuli for rodents and cells, and thus, they may have different effects compared to endogenous Aβ oligomers (Hayden & Teplow, [2013](#acel12978-bib-0012){ref-type="ref"}). Fourth, in contrast to the human brain, where Aβ deposits occur naturally with advancing age, Aβ deposits do not occur naturally in aging rodent brains (LaFerla & Green, [2012](#acel12978-bib-0020){ref-type="ref"}). All of these limitations could lead to erroneous conclusions about which Aβ oligomer triggers the downstream pathology of AD.

Nonhuman primates are phylogenetically close to humans, and Aβ sequences in several nonhuman primate species, including the rhesus monkey, cynomolgus monkey, and great ape, are identical to those found in humans (Heuer, Rosen, Cintron, & Walker, [2012](#acel12978-bib-0013){ref-type="ref"}). We and other researchers have shown that aged rhesus monkeys naturally develop Aβ deposits in the brain with striking similarities to those of aged humans (Heuer et al., [2012](#acel12978-bib-0013){ref-type="ref"}; Zhao et al., [2017](#acel12978-bib-0037){ref-type="ref"}). In addition, there is no need to prepare oligomers extracted from the Aβ deposits of AD mice or patients in vitro, because aged rhesus monkeys develop Aβ deposits naturally. Thus, the limitations of previous studies can be avoided by using rhesus monkey as a model for studying AD. Overall, aged rhesus monkeys are an ideal natural model for experiments studying the effects of endogenous Aβ oligomers from Aβ deposits in vivo.

In this study, we used rhesus monkeys that naturally develop Aβ deposits in the brain as a model. We analyzed the composition of Aβ oligomer isoforms in Aβ deposits and investigated the effects of natural Aβ deposits on AD pathologies in different regions of the brain, including the frontal cortex (FR), occipital cortex (OC), parietal cortex (PA), temporal cortex (TE), hippocampus (HI), midbrain (MI), thalamus (TH), and entorhinal cortex (EN). Our study provides clues that help to explain the transformation from aging to AD, and our findings may provide potential targets for preventing and treating AD.

2. RESULTS {#acel12978-sec-0002}
==========

2.1. Spontaneously developed cerebral Aβ deposits in aged rhesus monkey lack Aβ dimers {#acel12978-sec-0003}
--------------------------------------------------------------------------------------

The amino acid sequence of Aβ in rhesus monkey is identical to that of the Aβ that spontaneously develops in human brains with advanced age (Heuer et al., [2012](#acel12978-bib-0013){ref-type="ref"}). We compared Aβ deposits in the brains of young and old rhesus monkeys using immunohistochemical staining with a monoclonal anti‐Aβ antibody that recognizes Aβ deposits (4G8). Aβ deposits were not observed in the cerebral cortex (including the FR, OC, PA, and TE) of young monkeys. However, five of eight old monkeys developed Aβ deposits in the cerebral cortex, including the FR, OC, PA, and TE (Figure [1](#acel12978-fig-0001){ref-type="fig"}a). In addition to the cerebral cortex, humans develop Aβ accumulations in the HI, MI, TH, and EN regions as they age (Hyman et al., [2012](#acel12978-bib-0015){ref-type="ref"}). Similar to humans, Aβ deposits were detected in the HI, MI, TH, and EN regions of old monkeys (Figure [1](#acel12978-fig-0001){ref-type="fig"}a).

![Cerebral Aβ deposits spontaneously developed in aged rhesus monkeys and contained oligomers, but lacked the Aβ dimers. (a) Representative photomicrographs of different brain regions from young and old rhesus monkeys, including the frontal cortex (FR), occipital cortex (OC), parietal cortex (PA), temporal cortex (TE), hippocampus (HI), midbrain (MI), thalamus (TH), and entorhinal cortex (EN). Brain sections were immunostained with a monoclonal anti‐Aβ antibody, 4G8, which recognizes Aβ deposits. The scale bar is 80 µm for all panels. The arrows indicate Aβ deposits. The areas indicated by the arrows are shown on the bottom right at four times higher magnification. (b--f) Brain homogenates were prepared from the FR, TE, and HI of old rhesus monkeys that were positive for Aβ deposits (a). The indicated homogenates were analyzed by SDS‐PAGE (b--d). The 4G8 monoclonal anti‐Aβ antibody that recognizes all Aβ forms, amyloid precursor protein (APP), and C‐terminal fragments (CTFs) was used in (b). The A11 polyclonal anti‐oligomer conformation‐specific antibody that can recognize Aβ oligomers was used in (c). The OMAB monoclonal antibody that specifically recognizes Aβ oligomers was used in (d). Protein molecular weight markers were used to estimate the molecular weights of Aβ oligomers. GAPDH was used as an internal loading control. (e) The indicated homogenates were analyzed by native PAGE, and stained by CBB and immunostained with 4G8 antibody. (f) The homogenates were fractionated using size‐exclusion chromatography (SEC). Aprotinin (6.511 kDa) and cytochrome C (12.384 kDa) were used as indicators of molecular size. Fractions 14 and 15 between 6.511 kDa and 12.384 kDa were collected (Aβ dimer are around 9 kDa). Aβ oligomers were analyzed in these fractions using an ELISA kit (g) and mass spectrometry (h). Synthetic Aβ42 was used as positive control in mass spectrometry analysis, and arrows indicate the peak of amino acid sequence from 2 to 16 of Aβ42 (AEFRHDSGYEVHHQK)](ACEL-18-e12978-g001){#acel12978-fig-0001}

To investigate the oligomer composition of Aβ deposits, Aβ oligomer isoforms from the FR, TE, and HI brain regions of old monkeys (Figure [1](#acel12978-fig-0001){ref-type="fig"}a) were analyzed by SDS‐PAGE and Western blotting. We used a monoclonal anti‐Aβ antibody (4G8) that recognizes all Aβ isoforms (Figure [1](#acel12978-fig-0001){ref-type="fig"}b). The immunoreactive protein bands detected at \~56, \~45, \~40, \~23, and \~14 kDa likely correspond to 12‐mer, 10‐mer, 9‐mer, 5‐mer, and 3‐mer Aβ oligomers, respectively (Figure [1](#acel12978-fig-0001){ref-type="fig"}b, arrowheads). There were no immunoreactive protein bands at \~9 kDa, which indicated a lack of SDS‐stable Aβ dimers (Figure [1](#acel12978-fig-0001){ref-type="fig"}b, red color arrowhead). The 4G8 antibody also recognizes the amyloid precursor protein (APP) and its C‐terminal fragments (CTFs). Thus, to confirm that the immunoreactive protein bands recognized by the 4G8 antibody were Aβ oligomers, rather than APP or CTFs, we used an anti‐oligomer conformation‐specific antibody A11 (Figure [1](#acel12978-fig-0001){ref-type="fig"}c) and an anti‐Aβ oligomer‐specific antibody OMAB (Figure [1](#acel12978-fig-0001){ref-type="fig"}d). The band around 98 kDa, which was detected by the 4G8 antibody in Figure [1](#acel12978-fig-0001){ref-type="fig"}b (indicated by blue arrowhead), was not detected by the A11 antibody, which recognizes the oligomer conformation rather than amino acid sequence (Figure [1](#acel12978-fig-0001){ref-type="fig"}c). Thus, the 98 kDa band is APP rather than an Aβ oligomer. The band between 49 and 62 kDa, which was detected by 4G8 in Figure [1](#acel12978-fig-0001){ref-type="fig"}b, contains Aβ 12‐mers and CTFs, because two Aβ oligomer antibodies A11 and OMAB are also able to detect this band but with less signal than the 4G8 antibody (Figure [1](#acel12978-fig-0001){ref-type="fig"}c and d). The immunoreactive protein bands detected at \~45, \~40, \~23, and \~14 kDa by 4G8, A11, and OMAB corresponded to 10‐mer, 9‐mer, 5‐mer, and 3‐mer Aβ oligomers, respectively (Figure [1](#acel12978-fig-0001){ref-type="fig"}b, c, and d, arrowheads). In agreement with the results in Figure [1](#acel12978-fig-0001){ref-type="fig"}b, there were no immunoreactive protein bands at \~9 kDa, which indicated a lack of SDS‐stable Aβ dimers (Figure [1](#acel12978-fig-0001){ref-type="fig"}c and d, red color arrowhead). The band at \~9 kDa is Aβ dimer and at \~4 kDa is Aβ monomer detected by 4G8 in Aβ oligomers (ABO) prepared by synthetic Aβ42 as a positive control (Figure [1](#acel12978-fig-0001){ref-type="fig"}b).

Researchers generally use SDS‐PAGE and Western blotting to analyze Aβ oligomers in human brain homogenates (Leinenga & Gotz, [2015](#acel12978-bib-0021){ref-type="ref"}; Lesne et al., [2013](#acel12978-bib-0023){ref-type="ref"}), but the native Aβ oligomers may not be identical to the SDS‐stable Aβ oligomers seen by SDS‐PAGE due to protein denaturation. Thus, we then analyzed the brain homogenates in native PAGE without protein denaturation. The Coomassie brilliant blue (CBB) staining and immunostaining with 4G8 did not detect a band at \~9 kDa (Figure [1](#acel12978-fig-0001){ref-type="fig"}e), in agreement with the results in Figure [1](#acel12978-fig-0001){ref-type="fig"}b--d. These data confirm a lack of Aβ dimers.

Evidence from cell and rodent model studies suggests that Aβ dimers are key toxic molecules that trigger subsequent downstream pathogenic AD events (Jin et al., [2011](#acel12978-bib-0016){ref-type="ref"}; Shankar et al., [2008](#acel12978-bib-0032){ref-type="ref"}). Thus, we confirmed the absence of Aβ dimers using two more sensitive methods. The Western blotting technique is able to detect Aβ at nanogram levels. However, sensitive enzyme‐linked immunosorbent assay (ELISA) kits are able to detect Aβ oligomers at picogram levels (as low as 4.41 pM). Unfortunately, ELISA kits are not able to distinguish between different lengths of Aβ oligomers (Fukumoto et al., [2010](#acel12978-bib-0010){ref-type="ref"}; Savage et al., [2014](#acel12978-bib-0030){ref-type="ref"}). Thus, we first fractionated the monkey brain homogenates based on molecular size using size‐exclusion chromatography (SEC). Using aprotinin (6.511 kDa) and cytochrome C (12.384 kDa) as markers, we collected fractions 14 and 15 for the detection of Aβ dimers (\~9 kDa). No Aβ dimers in the indicated fractions of monkey brain were detected by ELISA (Figure [1](#acel12978-fig-0001){ref-type="fig"}g). To confirm the ELISA result, we further analyzed these fractions using mass spectrometry with high sensitivity and accuracy. Synthetic Aβ42 solution was used as a positive control. Mass spectrometry analysis shows a peak amino acid sequence from 2 to 16 of Aβ42 (AEFRHDSGYEVHHQK) in the positive control, but no peptides in the fractions of the monkey brain homogenates were identified by matching to the UniProt Macaca mulatta tcheliensis databases (Figure [1](#acel12978-fig-0001){ref-type="fig"}h). These data indicate a lack of Aβ dimers.

Taken all together, our results suggest that cerebral Aβ deposits spontaneously develop in aged rhesus monkeys, and these deposits contain Aβ oligomers but lack Aβ dimers.

2.2. Cerebral Aβ deposits lacking Aβ dimers induce glial pathology in vivo {#acel12978-sec-0004}
--------------------------------------------------------------------------

Previous studies reported that Aβ oligomers extracted from the cerebral deposits of mice and humans were able to induce glial pathology, including microglial pathology and astrocytosis, in cellular and murine models (Hu, Akama, Krafft, Chromy, & Eldik, [1998](#acel12978-bib-0014){ref-type="ref"}; Maezawa, Zimin, Wulff, & Jin, [2011](#acel12978-bib-0025){ref-type="ref"}). However, natural Aβ deposits do not occur in these models; thus, the effects of endogenous Aβ oligomers and deposits in vivo are unknown. To analyze the effects of spontaneously developing cerebral Aβ deposits on microglia and astrocytes, we analyzed the FR and OC regions of young and old monkeys using double immunofluorescence staining. Monoclonal anti‐Aβ antibodies (4G8) that recognize Aβ deposits were used in conjunction with anti‐IBA1 antibodies to label microglia or anti‐GFAP antibodies to label astrocytes. Immunopositive Aβ deposits were observed in the FR and OC of old monkeys, but not in those of young monkeys. The Aβ deposits were surrounded by many IBA1‐positive microglia (Figure [2](#acel12978-fig-0002){ref-type="fig"}a) or GFAP‐positive astrocytes (Figure [3](#acel12978-fig-0003){ref-type="fig"}a). The IBA1 intensity in the cerebral cortex of old monkeys was significantly higher than of young monkeys (*p* = 0.020 in FR, *p* = 0.001 in OC, Figure [2](#acel12978-fig-0002){ref-type="fig"}b). The GFAP intensity in the cerebral cortex of old monkeys was also significantly higher than that of young monkeys (*p* = 0.001 in FR, *p* \< 0.001 in OC, Figure [3](#acel12978-fig-0003){ref-type="fig"}b). These results suggest that natural Aβ deposits in the brain during normal aging may induce gliosis (including microgliosis and astrocytosis) in monkeys.

![Cerebral Aβ deposits lacking Aβ dimers induce microglial pathologies in vivo. (a, b) The IBA1 intensity in the brains of old monkeys was increased in comparison with that of young monkeys. (a) Representative immunofluorescence confocal microscopy images of the frontal (FR) and occipital (OC) cortex regions from young and old rhesus monkeys. Continuous brain sections from Figure [1](#acel12978-fig-0001){ref-type="fig"}a were analyzed using double immunofluorescence staining (IBA1/4G8) with monoclonal anti‐Aβ antibodies (red) and anti‐IBA1 antibodies that label microglia (green) in the FR and OC of young and old monkeys. The scale bar is 40 µm for all panels. (b) Graphs show the quantification of the mean anti‐IBA1 (green) intensity from (a). The *p* values between young and old monkey brain were calculated using Student\'s *t* test. The error bars represent the *SEM* (*n* = 5/group). (c, d) The IBA1‐positive intensity was increased in areas with Aβ deposits (4G8) in old monkey brains. (c) Representative immunofluorescence confocal microscopy images of old monkey brains, including the frontal cortex (FR), occipital cortex (OC), parietal cortex (PA), hippocampus (HI), midbrain (MI), and thalamus (TH). Brain sections from old monkeys showing areas with no Aβ deposits (Aβ−) and areas with Aβ deposits (Aβ+) were double‐stained (IBA1/4G8) with monoclonal anti‐Aβ antibodies that recognize Aβ deposits (red) and anti‐IBA1 antibodies that recognize microglia (green). The scale bar is 40 µm for all panels. (d) Graphs show the quantification of the mean anti‐IBA1 (green) intensity from (c). The *p* values for the comparison of Aβ+ and Aβ− areas were calculated using Student\'s *t* test; the error bars represent the *SEM* (*n* = 5). (e) The morphological features of microglia were abnormal in areas of Aβ deposits in the brains of old monkeys. Representative high‐magnification images of IBA1‐positive microglia from Aβ− and Aβ+ areas in the brain of an old monkey. The microglia in Aβ− areas had normal morphology and were at rest, while the microglia in Aβ+ areas showed abnormal features, including hypertrophy, beading with spheroidal swellings, dystrophies, deramification, and ameboid morphology. The scale bar is 20 µm for all panels](ACEL-18-e12978-g002){#acel12978-fig-0002}

![Cerebral Aβ deposits lacking Aβ dimers induce astrocytosis in vivo. (a, b) The GFAP intensity (astrocyte label) in young and old monkey brains is shown. (a) Representative immunofluorescence confocal microscopy images of the frontal (FR) and occipital (OC) cortex from young and old rhesus monkeys. Continuous brain sections from Figure [1](#acel12978-fig-0001){ref-type="fig"}a were analyzed using double immunofluorescence staining (GFAP/4G8) with monoclonal anti‐Aβ antibodies (4G8) that recognize Aβ deposits (red) and anti‐GFAP antibodies that recognize astrocytes (green) in the FR and OC regions of young and old monkeys. The scale bar is 40 µm for all panels. (b) The graphs show the quantification of the mean anti‐GFAP (green) intensity from (a). The *p* values between young and old monkeys were calculated using Student\'s *t* test; the error bars represent the *SEM* (*n* = 5). (c, d) The GFAP intensity was increased in areas with Aβ deposits in the brains of old monkeys. (c) Representative immunofluorescence confocal microscopy images of old monkey brains, including the frontal cortex (FR), occipital cortex (OC), parietal cortex (PA), hippocampus (HI), midbrain (MI), and thalamus (TH). Areas with no Aβ deposits (Aβ−) and areas with Aβ deposits (Aβ+) were double‐stained (GFAP/4G8) with monoclonal anti‐Aβ antibodies recognizing Aβ deposits (red) and anti‐GFAP antibodies recognizing astrocytes (green) in old monkeys. The scale bar is 40 µm for all panels. (d) The graphs show the quantification of the mean anti‐GFAP (green) intensity from (c); the *p* values between Aβ+ and Aβ− areas in the brains of old monkeys were calculated using Student\'s *t* test; the error bars represent the *SEM* (*n* = 5)](ACEL-18-e12978-g003){#acel12978-fig-0003}

Previous studies reported that age‐related factors may induce gliosis (Clarke et al., [2018](#acel12978-bib-0005){ref-type="ref"}; Jyothi et al., [2015](#acel12978-bib-0017){ref-type="ref"}; Spittau, [2017](#acel12978-bib-0033){ref-type="ref"}). Thus, we analyzed the effects of natural Aβ deposits on glia, including microglia and astrocytes, in old monkeys that were of similar ages to rule out the effects of age‐related factors on gliosis. We found that 4G8‐positive Aβ areas were closely surrounded by many IBA1‐positive microglia (Figure [2](#acel12978-fig-0002){ref-type="fig"}c) and GFAP‐positive astrocytes (Figure [3](#acel12978-fig-0003){ref-type="fig"}c) in the FR, OC, PA, HI, MI, and TH. The IBA1 intensity in areas with 4G8‐positive Aβ deposits in old monkeys was significantly higher than that observed in the areas with no Aβ deposits (*p* = 0.007 in FR, *p* \< 0.001 in OC, *p* = 0.003 in PA, *p* = 0.008 in HI, *p* \< 0.001 in MI, and *p* = 0.007 in TH, Figure [2](#acel12978-fig-0002){ref-type="fig"}d). We observed similar findings with GFAP; the GFAP intensity was significantly higher in areas with 4G8‐positive Aβ deposits in old monkeys in comparison with that of areas with no Aβ deposits (*p* = 0.005 in FR, *p* \< 0.001 in OC, *p* = 0.025 in PA, *p* = 0.010 in HI, *p* = 0.003 in MI, and *p* = 0.023 in TH, Figure [3](#acel12978-fig-0003){ref-type="fig"}d). These results indicate that natural Aβ deposits, rather than age‐related factors, induce microgliosis and astrocytosis. In addition, microglia in areas with no Aβ deposits were predominant in the resting state. However, microglia in areas with 4G8‐positive Aβ deposits had morphological abnormalities, including hypertrophy, beading with spheroidal swelling, dystrophies, deramification, and ameboid morphology (Figure [2](#acel12978-fig-0002){ref-type="fig"}e). Taken together, our results suggest that cerebral Aβ deposits lacking Aβ dimers induce glial pathology in vivo, including microgliosis, abnormal microglia morphology, and astrocytosis.

2.3. Brains of rhesus monkeys lacking Aβ dimers did not show tau pathology {#acel12978-sec-0005}
--------------------------------------------------------------------------

In cellular and murine models, Aβ oligomers instigate Tau pathology either directly or via glial pathology (Amar et al., [2017](#acel12978-bib-0001){ref-type="ref"}; De Felice et al., [2008](#acel12978-bib-0007){ref-type="ref"}; Jin et al., [2011](#acel12978-bib-0016){ref-type="ref"}). To determine whether spontaneously developed cerebral Aβ deposits induce Tau pathology during normal aging, we performed immunohistochemical staining with monoclonal anti‐p‐Tau antibodies (AT8) that recognize p‐Tau and neurofibrillary tangles (NFT). We stained continuous brain sections of young and old rhesus monkeys that showed Aβ deposits (Figure [1](#acel12978-fig-0001){ref-type="fig"}a). Immunopositive NFT staining was not detected in the cerebral cortex (including the FR, OC, PA, and TE) of young or old monkeys. neurofibrillary tangles‐positive staining was observed in positive control brain sections (TE and HI) from an AD patient (Figure [4](#acel12978-fig-0004){ref-type="fig"}a). In addition, no p‐Tau expression was detected by Western blotting with anti‐p‐Tau antibodies (AT8, p‐Tau S396, and p‐Tau T231) at the expected molecular weight of 55--62 kDa in brain homogenates (including the FR, TE, and HI) of young and old monkeys, although the normal form of Tau was detected at the expected size (Figure [4](#acel12978-fig-0004){ref-type="fig"}b). Taken together, our results indicate that the brains of rhesus monkeys lacking Aβ dimers did not show tau pathology.

![Brains of rhesus monkeys lacking Aβ dimers did not show tau pathology. (a) Representative photomicrographs of different brain regions (frontal cortex, FR; occipital cortex, OC; parietal cortex, PA; temporal cortex, TE) from young and old rhesus monkeys and an AD patient (temporal cortex, TE and hippocampus, HI). Continuous monkey brain sections from Figure [1](#acel12978-fig-0001){ref-type="fig"}a and sections from the brain of an AD patient were immunostained with monoclonal anti‐phospho‐Tau (p‐Tau) antibodies (AT8) that recognize phosphorylated Tau at serine residue 202 and threonine residue 205. The scale bar is 80 µm. The boxed areas (neurofibrillary tangles) in brain sections from the AD patient are shown at four times higher magnification. (b) Phospho‐Tau and total Tau were analyzed using Western blotting. Brain homogenates were prepared from the frontal cortex (FR), temporal cortex (TE), and hippocampus (HI) of rhesus monkeys at young, middle (Mid), and old age. Results obtained using a monoclonal antibody (AT8, p‐Tau S396, and p‐Tau T231) that recognizes p‐Tau are shown in the left and bottom panels, whereas results obtained using a monoclonal anti‐Tau antibody (HT7) that recognizes total Tau are shown in the right panel. Protein molecular weight markers (shown to the left of the gel) were used to estimate the molecular weights of p‐Tau and Tau. The asterisks (\*) indicate nonspecific bands that were recognized by the AT8 antibody. GAPDH was used as an internal loading control](ACEL-18-e12978-g004){#acel12978-fig-0004}

2.4. Brains of rhesus monkeys lacking Aβ dimers did not show neurodegeneration, synapse loss, or working memory impairment {#acel12978-sec-0006}
--------------------------------------------------------------------------------------------------------------------------

In cellular and murine models, Aβ oligomers generally induce neuron and synapse loss (Kim et al., [2003](#acel12978-bib-0018){ref-type="ref"}; Lacor et al., [2007](#acel12978-bib-0019){ref-type="ref"}; Shankar et al., [2008](#acel12978-bib-0032){ref-type="ref"}). To determine whether spontaneously developed cerebral Aβ deposits induce neuronal loss during normal aging, we performed Nissl staining on continuous brain sections of young and old rhesus monkeys containing Aβ deposits (Figure [1](#acel12978-fig-0001){ref-type="fig"}a). No degenerated neurons were observed in the cerebral cortex (including the FR, OC, PA, and TE) of young or old monkeys. This finding suggests that spontaneously developed cerebral Aβ deposits do not induce neurodegeneration in the brains of old rhesus monkeys (Figure [5](#acel12978-fig-0005){ref-type="fig"}a). To determine the effects of Aβ deposits on synapses during normal aging, we analyzed the cerebral cortex (FR and OC) of young and old monkeys using double immunofluorescence staining with monoclonal anti‐Aβ antibodies that recognize Aβ deposits and synapses (PSD95, a postsynapse marker). Synapse‐positive staining (PSD95) was observed in the cerebral cortices (FR and OC) of young and old monkeys (Figure [5](#acel12978-fig-0005){ref-type="fig"}b). The degree of synapse staining in the cerebral cortices of old monkeys was significantly lower than that of young monkeys (*p* = 0.006 in FR, *p* = 0.005 in OC, Figure [5](#acel12978-fig-0005){ref-type="fig"}b). Synapse staining (PSD95) in areas positive for Aβ deposits (4G8) did not differ significantly from that observed in areas negative for Aβ deposits (*p* = 0.938 in FR, *p* = 0.193 in OC, *p* = 0.311 in PA, *p* = 0.213 in TE, *p* = 0.256 in HI, and *p* = 0.116 in TH, Figure [5](#acel12978-fig-0005){ref-type="fig"}d,e). These results suggest that synapse loss occurs in the cerebral cortex with normal aging in monkeys. However, age‐related factors, rather than Aβ deposits, induce synapse loss in the brains of old monkeys. In addition, the working memory, tested using a delayed response task, was not significantly different between monkeys with Aβ deposits (Aβ+) and monkeys with no Aβ deposits (Aβ−) (*p* \> 0.05), as shown in Figure [S2](#acel12978-sup-0002){ref-type="supplementary-material"}. Taken together, our results indicate that brains of rhesus monkeys lacking Aβ dimers did not show neurodegeneration, synapse loss, or working memory impairment.

![Brains of rhesus monkeys lacking Aβ dimers did not show neurodegeneration and synapse loss. (a) Representative photomicrographs of Nissl staining in different cerebral cortex areas (frontal cortex, FR; occipital cortex, OC; parietal cortex, PA; temporal cortex, TE) from young and old rhesus monkeys. The scale bar is 80 µm for all panels. (b) Representative immunofluorescence confocal microscopy images showing double immunofluorescence staining for Aβ deposits (4G8, red) and synapses (PSD95, green) in frontal (FR) and occipital (OC) cortex samples from young and old rhesus monkeys. The scale bar is 40 µm for all panels. (c) The graphs show the quantification of the mean anti‐PSD95 (green) intensity from (a). *p* Values between young and old monkey brains were calculated using Student\'s *t* test; the error bars represent the *SEM* (*n* = 5). (d) Representative immunofluorescence confocal microscopy images showing double immunofluorescence staining for Aβ deposits (4G8, red) and synapses (PSD95, green) in the frontal cortex (FR), occipital cortex (OC), parietal cortex (PA), temporal cortex (TE), hippocampus (HI), and thalamus (TH) of old monkeys. Areas with no Aβ deposits (Aβ−) and areas with Aβ deposits (Aβ+) were compared. The scale bar is 40 µm for all panels. (e) The graphs show the quantification of the mean anti‐PSD95 (green) intensity from (d). *p* Values comparing Aβ+ and Aβ− areas in the brains of old monkeys were calculated using Student\'s *t* test; the error bars represent the *SEM* (*n* = 5)](ACEL-18-e12978-g005){#acel12978-fig-0005}

3. DISCUSSION {#acel12978-sec-0007}
=============

Currently, there are no effective treatments to stop or reverse AD. However, progress toward developing effective AD treatments may be greatly improved by clarifying the key molecules involved in the pathogenesis of AD. Previous reports suggest that Aβ oligomers in Aβ deposits are the main toxic isoforms that trigger the subsequent downstream pathogenic events associated with AD (Cline, Bicca, Viola, & Klein, [2018](#acel12978-bib-0006){ref-type="ref"}; Selkoe & Hardy, [2016](#acel12978-bib-0031){ref-type="ref"}). Since Aβ deposits are composed of Aβ oligomers with a variety of lengths, the Aβ oligomer that triggers the transformation from aging to AD is controversial. Previous researchers attempted to answer this question by analyzing the effects of various Aβ oligomers from mouse or human brains, which were injected into rodents or used to treat cells (Amar et al., [2017](#acel12978-bib-0001){ref-type="ref"}; Jin et al., [2011](#acel12978-bib-0016){ref-type="ref"}; Lesne et al., [2006](#acel12978-bib-0022){ref-type="ref"}; Shankar et al., [2008](#acel12978-bib-0032){ref-type="ref"}). Exogenous Aβ oligomers were prepared in vitro for these studies. In our study, we used rhesus monkeys, which develop cerebral Aβ deposits spontaneously with advancing age in a process thought to be similar to that which occurs in humans. Aβ deposits sometimes spontaneously occurred in the brains of cognitively healthy old humans and nondemented individuals with Alzheimer\'s disease neuropathology (Rodrigue et al., [2009](#acel12978-bib-0028){ref-type="ref"}; Zolochevska, Bjorklund, Woltjer, Wiktorowicz, & Taglialatela, [2018](#acel12978-bib-0038){ref-type="ref"}). We previously quantified the levels of insoluble Aβ42 in the brain of frontal cortex and temporal cortex of old monkeys (Zhao et al., [2017](#acel12978-bib-0037){ref-type="ref"}) and found that it was comparable to the levels of insoluble Aβ42 in healthy old human brains with Aβ deposits, but lower than the levels of insoluble Aβ42 in AD patient brains (Steinerman et al., [2008](#acel12978-bib-0034){ref-type="ref"}; Wang, Dickson, Trojanowski, & Lee, [1999](#acel12978-bib-0035){ref-type="ref"}). Thus, the rhesus monkey model used in our study is better than rodent models or cells, which do not develop Aβ deposits naturally.

We determined the oligomer composition of naturally developing Aβ deposits in the brains of rhesus monkeys, which was previously unknown (Heuer et al., [2012](#acel12978-bib-0013){ref-type="ref"}). SDS‐PAGE and Western blotting analyses using 4G8, a universal anti‐Aβ antibody, A11, a conformation‐dependent oligomer‐specific antibody, and OMAB, the Aβ oligomer‐specific monoclonal antibody, indicate that several Aβ oligomers develop in the monkey brain, including 3‐mer, 5‐mer, 9‐mer, 10‐mer, and 12‐mer oligomers. However, Aβ dimers were not observed. Our analysis of the oligomer composition of Aβ deposits using size‐exclusion chromatography accompanied by highly sensitive ELISAs and mass spectrometry confirmed the SDS‐PAGE and Western blotting data; Aβ dimers were not detected in old monkey brains. Researchers found several Aβ oligomers, including 3‐mer, 5‐mer, 9‐mer, 10‐mer, and 12‐mer oligomers using SDS‐PAGE and Western blotting, in aged human brains and AD patient brains, similar to our findings in monkey brain (Bao et al., [2012](#acel12978-bib-0003){ref-type="ref"}; Lesne et al., [2013](#acel12978-bib-0023){ref-type="ref"}). However, in contrast to monkey brains, cerebral Aβ dimers were detected in many patients with AD and some healthy elderly people, using the 4G8 antibody used in this study or different antibodies (Bao et al., [2012](#acel12978-bib-0003){ref-type="ref"}; Lesne et al., [2013](#acel12978-bib-0023){ref-type="ref"}; Shankar et al., [2008](#acel12978-bib-0032){ref-type="ref"}). Thus, although Aβ deposits in rhesus monkeys are similar to naturally occurring Aβ deposits in the human brain, they differ in one important aspect; monkey brain Aβ deposits lack Aβ dimers.

Researchers generally use SDS‐PAGE and Western blotting to analyze the Aβ oligomers, including the dimer, in human and mouse brain homogenates (Leinenga & Gotz, [2015](#acel12978-bib-0021){ref-type="ref"}; Lesne et al., [2013](#acel12978-bib-0023){ref-type="ref"}), but the SDS may affect the native Aβ oligomers like dimer in samples. Our results using native PAGE without SDS buffer treatment also indicate a lack of Aβ dimer. In addition, the samples without SDS pretreatment were analyzed using sensitive methods, including SEC combined‐ELISA and mass spectrometry, which also indicate a lack of Aβ dimer.

Aβ oligomers from Aβ deposits collected from AD patient brains or AD mouse brains induce glial pathology (Hu et al., [1998](#acel12978-bib-0014){ref-type="ref"}; Maezawa et al., [2011](#acel12978-bib-0025){ref-type="ref"}). However, the effects of spontaneously developed Aβ deposits devoid of Aβ dimers are unknown. We found that areas with Aβ deposits in the brains of old monkeys had significantly more gliosis, including microgliosis and astrocytosis, in comparison with young monkey brains or old monkey brains lacking Aβ deposits. Furthermore, microglia show resting normal morphology in areas lacking Aβ deposits, but they display a series of abnormal morphological features in areas with Aβ deposits. Abnormal morphological features of microglia include a hypertrophic shape, beading with spheroidal swellings, dystrophies, deramification, and ameboid morphology. Similar abnormal morphologies also occur in human AD brains with Aβ deposits (Sanchez‐Mejias et al., [2016](#acel12978-bib-0029){ref-type="ref"}). Our results provide strong evidence that spontaneously developed Aβ deposits in aged rhesus monkeys induce glial pathology in vivo, despite lacking Aβ dimers.

In addition to glial pathology, there are a series of downstream AD events, including Tau pathology, neurodegeneration, and synapse loss, that are necessary for the progression of AD (Selkoe & Hardy, [2016](#acel12978-bib-0031){ref-type="ref"}). Previous studies reported that Aβ oligomers extracted from Aβ deposits from mouse or human patient brains were able to trigger downstream AD pathogenic events (Cline et al., [2018](#acel12978-bib-0006){ref-type="ref"}; Selkoe & Hardy, [2016](#acel12978-bib-0031){ref-type="ref"}). In contrast to these studies, we found no differences in Tau pathology, neurodegeneration, or synapse loss in areas of brains with Aβ deposits in comparison with areas without Aβ deposits in monkey brains. These disparate results may be due to differences in the effects of exogenous Aβ oligomers in cellular and murine models in comparison with those of naturally occurring Aβ oligomers in monkeys. Aβ oligomers from humans are exogenous stimuli for cells and rodents. However, in our study, Aβ oligomers naturally developed in vivo with advanced age in monkeys.

Another reason for the differences in downstream effects in our study in comparison with those of other studies may be due to differences in Aβ oligomer sizes. Some controversy exists pertaining to which sizes of oligomers cause downstream AD pathology. Amar et al. showed that 12‐mer Aβ oligomers, but not 2‐mer or 3‐mer oligomers, triggered Tau pathology in rodents and a neuronal cell model (Amar et al., [2017](#acel12978-bib-0001){ref-type="ref"}). In contrast, other studies report that the Aβ dimer is the key molecule inducing Tau pathology, neurodegeneration, and synapse loss in rodents and neurons (Jin et al., [2011](#acel12978-bib-0016){ref-type="ref"}; Shankar et al., [2008](#acel12978-bib-0032){ref-type="ref"}). Our study shows that Aβ deposits with certain Aβ oligomers, including 3‐mer, 5‐mer, 9‐mer, 10‐mer, and 12‐mer oligomers, but not 2‐mer oligomers, did not trigger downstream AD pathogenic events. These results support the importance of the Aβ dimer in the progression of AD pathogenesis.

Tau is a microtubule‐associated protein that maintains neuronal cell shape, and age‐related Tau loss is thought to be related to neuronal loss (Avila, Barreda, Pallas‐Bazarra, & Hernandez, [2013](#acel12978-bib-0002){ref-type="ref"}). We detected Tau in the brains of monkeys at all ages, and its abundance did not change with age (Figure [S1](#acel12978-sup-0001){ref-type="supplementary-material"}). These findings are consistent with a human study by Lesne et al. (Lesne et al., [2013](#acel12978-bib-0023){ref-type="ref"}). In our study, p‐Tau was undetectable in the brains of rhesus monkeys at all ages. In contrast, p‐Tau has been detected in the brains of aged humans and nondemented individuals with Alzheimer\'s disease neuropathology (Braak, Thal, Ghebremedhin, & Del, [2011](#acel12978-bib-0004){ref-type="ref"}; Zolochevska et al. [2016](#acel12978-bib-0039){ref-type="ref"}). Oikawa et al. also found that p‐Tau is occasionally detected in the brains of very old cynomolgus monkeys (older than 32 years of age) (Oikawa, Kimura, & Yanagisawa, [2010](#acel12978-bib-0026){ref-type="ref"}). Our results demonstrated no significant differences in PSD95 between the Aβ+ and Aβ− groups of old monkey brains. These data are consistent with human studies showing that the brains of cognitively healthy old humans and nondemented individuals with Alzheimer\'s disease neuropathology had Aβ deposits but did not show synapse loss (Selkoe & Hardy, [2016](#acel12978-bib-0031){ref-type="ref"}; Zolochevska et al., [2018](#acel12978-bib-0038){ref-type="ref"}). The lack of change in the abundance of Tau and p‐Tau in monkeys may partially explain the lack of synapse and neuronal loss and AD development in aged monkeys (Heuer et al., [2012](#acel12978-bib-0013){ref-type="ref"}). There are four amino acids in the rhesus monkey Tau that are different from human Tau. These amino acids are the product of the tau gene exon 8, which may prevent the formation of p‐Tau leading to a lack of Tau pathology in the rhesus monkey (Heuer et al., [2012](#acel12978-bib-0013){ref-type="ref"}).

In summary, we showed that rhesus monkeys, which are phylogenetically close to humans, naturally developed cerebral Aβ deposits. The Aβ deposits included 3‐mer, 5‐mer, 9‐mer, 10‐mer, and 12‐mer oligomers, but not Aβ dimer. The natural Aβ deposits, which were devoid of Aβ dimers, were able to induce gliosis, but did not trigger subsequent downstream AD pathogenic events. Our results support the hypothesis that the Aβ dimer is a key upstream molecule promoting the pathogenic progression of AD. Thus, blocking the accumulation of Aβ dimers may be an effective strategy for inhibiting the progression of AD.

4. EXPERIMENTAL PROCEDURES {#acel12978-sec-0008}
==========================

4.1. Animals and sample preparation {#acel12978-sec-0009}
-----------------------------------

Rhesus monkeys (*Macaca mulatta*) were purchased from the Beijing Institute of Xieerxin Biology Resource (Beijing, China) and the Academy of Military Medical Laboratory Animal Center (Beijing, China). The animals were housed at the Laboratory Animal Center of Capital Medical University (Beijing, China) according to the "Guidelines for the Care and Use of Laboratory Animals" and established in‐house protocols. Each animal had a routine health checkup to ensure that none suffered from neurological or other disorders or injuries. The monkeys in the young group were in the age range of 5--9 years (*n* = 5, four males and one female). The monkeys in the middle group were in the age range of 10--15 years (*n* = 3, one male and two females). The monkeys in the old group ranged in age from 19 to 31 years. Five of eight animals in the old monkey group spontaneously developed Aβ cerebral deposits (*n* = 5, two males and three females). Samples from different brain regions, including the FR, OC, PA, TE, HI, MI, TH, and EN, were harvested from monkeys after an overdose of anesthetics (8 mg/kg ketamine, followed by 50 mg/kg pentobarbital sodium). A portion of each tissue sample was fixed with 4% paraformaldehyde solution to allow the preparation of paraffin sections for immunohistochemical and immunofluorescent analyses. For biochemical assays, including Western blotting, SEC, and enzyme‐linked immunosorbent assays (ELISAs), a portion of each tissue sample was immediately frozen in liquid nitrogen and stored at −80°C until use. The brain sections of AD patients were generously gifted by Prof. Mengchao Cui of Beijing Normal University (China).

4.2. Immunohistochemistry and immunofluorescence {#acel12978-sec-0010}
------------------------------------------------

Immunohistochemical analyses were performed as described previously (Forny‐Germano et al., [2014](#acel12978-bib-0009){ref-type="ref"}; Zhao et al., [2017](#acel12978-bib-0037){ref-type="ref"}). Briefly, the fixed brain tissues were continuously cross‐sectioned in 4 μm sections and preserved in 0.1 M phosphate buffer (pH 7.6) at 4°C until use. For single‐label light microscopic analysis, the sections were incubated with the primary antibody, including the anti‐Aβ antibody (4G8, 1:500, Cat. No. 800701, BioLegend, San Diego, CA, USA) and the monoclonal anti‐p‐Tau antibody (AT8, 1:200, Cat. No. MN1020, Thermo Fisher Scientific), overnight at 4°C. After washing, the cross sections were incubated with a species‐compatible horseradish peroxidase‐conjugated secondary antibody (1:100; Cat. No. SPN‐9002, ZSGB‐BIO, Beijing, China) for 1 hr, followed by color development with diaminobenzidine. For double‐labeling immunofluorescence analysis, the sections were incubated with the anti‐Aβ antibody (4G8, 1:600) and the anti‐IBA1 antibody (1:300, Abcam, catalog \#ab178847), the anti‐GFAP antibody (1:800, Abcam, catalog \#ab7260), or the anti‐PSD95 antibody (1:300, Abcam, catalog \#ab18258). The secondary antibodies were Alexa Fluor 488 (1:3,000, Abcam, catalog \#150077) and Alexa Fluor 647 (1:3,000, Abcam, catalog \#150155). The sections were observed under a 3DHISTECH slide scanner (Pannoramic MIDI, Budapest, Hungary).

4.3. Nissl staining {#acel12978-sec-0011}
-------------------

For Nissl staining, the brain sections were deparaffinized, soaked in 0.5% toluidine blue solution at room temperature for 10 min, and then rinsed with distilled water. Next, the brain sections were differentiated in 0.5% glacial acetic acid, dehydrated, cleared, and mounted.

4.4. Image analysis {#acel12978-sec-0012}
-------------------

The intensity of immunoreactive IBA‐1, GFAP, and PSD‐95 in each section of the monkey brain was quantified from five representative images using Fiji ([www.fiji.sc](http://www.fiji.sc)).

4.5. SDS‐PAGE, native PAGE, and Western blotting analysis {#acel12978-sec-0013}
---------------------------------------------------------

The abundance of Aβ oligomers, Tau, and p‐Tau in brain homogenates samples was measured by SDS‐PAGE and Western blotting analysis. The abundance of Aβ oligomers was measured by native PAGE and Western blotting analysis. Homogenates from the FR, TE, and HI brain areas of young and old rhesus monkeys were prepared in PBS containing broad‐spectrum protease inhibitors at a tissue:buffer ratio of 1:20. The SDS‐PAGE was performed as follows: The homogenates were combined with sample buffer with SDS (Cat. No. NP0007, Invitrogen, Beijing, China) and loaded onto 4%--12% Bis‐Tris gels (Cat. No. NP0322BOX, Invitrogen) for electrophoresis. The native PAGE was performed as follows: 100 µg of total protein was prepared and subjected to native PAGE 4%--16% Bis‐Tris gel electrophoresis. Tris‐glycine buffer without SDS was used as a running buffer. Native‐Mark unstained protein standards were used as molecular weight markers. After native gel electrophoresis, acrylamide gels were rinsed in purified water and then stained with Coomassie brilliant blue. In addition, the separated proteins by SDS‐PAGE and native PAGE were then transferred to polyvinylidene fluoride membranes. To quantify target proteins, the membranes were blocked with skim milk and then incubated with the indicated primary antibodies overnight at 4°C. The monoclonal anti‐Aβ antibody (4G8, 1:1,000) reacted with amino acid residues 17--24 of Aβ. The oligomer A11 polyclonal antibody (1:1,000, Cat. No. AHB0052, Thermo Fisher Scientific, Waltham, MA, USA) is a conformation‐dependent antibody, which recognizes oligomers assembled from Aβ and α‐synuclein, rather than their amino acid sequences. The OMAB antibody is an anti‐Aβ oligomer‐specific antibody (1:1,000, AS10 932, Agrisera, Sweden). The monoclonal anti‐Tau antibody (HT7, 1:1,000, Cat. No. MN1000, Thermo Fisher Scientific) reacted with amino acid residues 159--163 of tau. The monoclonal anti‐p‐Tau antibody (AT8, 1:500, Cat. No. MN1020, Thermo Fisher Scientific) reacted with the phosphorylated amino acid residues Ser202/Thr205 of tau. Additional Tau antibodies included monoclonal anti‐p‐Tau S396 and p‐Tau T231 antibodies (1:10,000, p‐Tau S396, Cat. No. ab109390; 1:1,000, p‐Tau T231, Cat. No. ab151559; Abcam, Beijing, China). A polyclonal anti‐GAPDH antibody (Cat. No. ab9485, Abcam, Beijing, China) served as the internal control. Thereafter, the membranes were washed and incubated with secondary antibodies for 1 hr. The immunoreactive protein bands were visualized using the ECL Plus Western Blotting Detection System (Cat. No. RPN2132, GE Healthcare, Beijing, China) and quantified by densitometry using a UVItec Cambridge Imaging System (UVItec Limited, Cambridge, United Kingdom). The immunoreactive protein bands were scanned and expressed as densitometric light units.

4.6. SEC assay {#acel12978-sec-0014}
--------------

Brain homogenates were centrifuged and filtered through 0.22‐µm filters to remove nuclei and large debris. Then, the supernatant (0.5 ml) was chromatographed on a Superdex 75 10/300 GL column using an AKTA purifier (GE Healthcare, Uppsala, Sweden) at a flow rate of 0.5 ml/min with 50 mM ammonium acetate (pH 8.5). The corresponding fractions were collected according to the previously reported method without the immunodepletion step (Shankar et al., [2008](#acel12978-bib-0032){ref-type="ref"}).

4.7. Measurement of Aβ dimer in the SEC fractions by Aβ oligomer ELISA {#acel12978-sec-0015}
----------------------------------------------------------------------

Aβ oligomers in the 6--12 kDa SEC fractions were detected using a commercially available ELISA kit (Cat. No. 27725, IBL Co., Ltd., Gunma, Japan) according to the manufacturer\'s instructions. The sensitivity of this kit was as low as 4.41 pM.

4.8. Mass spectrometry analysis {#acel12978-sec-0016}
-------------------------------

Predigested samples (2 µl) were injected onto a C18 desalted column (3 µm, 120Å, 350 µm × 0.5 mm) and separated using a C18 analysis column (3 µm, 120Å, 75 µm × 150 mm) with a gradient from 5% to 16% buffer B for 25 min, from 16% to 26% buffer B for 20 min, from 26% to 40% buffer B for 3 min, from 40% to 80% buffer B for 5 min, and 80% to 5% buffer B for 7 min, for total of 60 min at a flow rate of 0.6 μl/min. Peptides present were identified by matching to the UniProt Macaca mulatta tcheliensis databases. The Paragon algorithm in Protein Pilot v 5.0 (SCIEX) was used to search the databases. Databases using the following search parameters were used: trypsin used for digestion, the state of cysteine alkylation, the "ID focus" which was typically "Biological modifications," and the type of "Search effort" which was typically "Thorough." Data acquisition was performed with a Triple‐TOF 6600 mass spectrometer (Sciex, USA) fitted with a Nanospray III source (Sciex, USA). The ion spray voltage was 2,300 V, declustering potential 80 V, curtain gas 35 psi, nebulizer gas 5 psi, and interface heater temperature 150°C. Peptides were introduced into the mass spectrometer using Nona 415 liquid chromatography (Sciex, USA). Chromatography solvents were water/acetonitrile/formic acid (98/2/0.1%, B 2/98/0.1%).

4.9. Test monkeys\' working memory using a delayed response task {#acel12978-sec-0017}
----------------------------------------------------------------

The procedures for testing monkeys\' working memory were performed in a Wisconsin General Testing Apparatus using the method previously reported (Li et al., [2010](#acel12978-bib-0024){ref-type="ref"}).

4.10. Statistical analysis {#acel12978-sec-0018}
--------------------------

All data were analyzed using [spss]{.smallcaps} 20.0 software (IBM, Inc., Armonk, NY, USA). The intensity of immunoreactive IBA‐1, GFAP, and PSD‐95 (between different brain regions of young and old monkeys or between Aβ+ and Aβ− areas in old monkeys) was compared using Student\'s *t* test. The densitometric light units of the Tau in each selected region of the monkey brain were compared at three different ages using one‐way ANOVA, followed by Tukey\'s post hoc test. A *p*‐value \< 0.05 was considered to indicate statistical significance.
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